Oblique electron-cyclotron-emission radial and phase detector of rotating magnetic islands applied to alignment and modulation of electron-cyclotron-current-drive for neoclassical tearing mode stabilization Rev. Sci. Instrum. 83, 103507 (2012) Disruptions are sudden terminations of tokamak plasma discharges. During disruptions at high beta ␤ where ␤ w plasma pressure/magnetic pressure, short ͑order of s͒ and intense bursts of electron cyclotron emission ͑ECE͒, an order magnitude above thermal levels, are observed in the second harmonic electron cyclotron frequency range, which corresponds to 100s of GHz in the Tokamak Fusion Test Reactor tokamak. A unique combination of two, fast, 500 kHz, 20-channel grating polychromator instruments, located at different toroidal positions, is used to measure the emission and characterize these bursts. New insights into the three-dimensional dynamics of these disruptions and the accompanying bursts of ECE have been obtained. Bursts of ECE occur at the beginning of the thermal quenches and exhibit strong toroidal asymmetries. Bursts are localized to the vicinity of the ballooning mode, a fast growing ͑few ms͒ medium toroidal mode number ͑nϭ10-20͒ precursor, localized toroidally, poloidally, and radially, which triggers the disruptions. Fast-particle losses occur with the explosive growth of the ballooning mode, followed by plasma/wall interaction. Bursts of ECE occur shortly afterwards, within 10s of s of the fast particle losses. An explanation of the bursting is presented which is consistent both qualitatively and quantitatively, with observations predicting, for example, radiation enhancement factors of Ϸ10. Bursting can be explained not in terms of enhanced excitation of emission but rather in the reduction of absorption of thermal emission. Bursting is consistent with a modification to the electron distribution function f e due to a rapid energy or particle exchange between hot electrons and cold electrons from the edge, momentarily reducing the velocity gradient of f c in the thermal region. Large edge localized mode events also exhibit bursts of ECE due to a similar sequence of events.
I. INTRODUCTION
Ever since the Tokamak Fusion Test Reactor ͑TFTR͒ started producing high ␤ discharges over ten years ago, large bursts of electron cyclotron emission ͑ECE͒, higher than thermal levels, were observed. These bursts ͑Figs. 1 and 2͒ are most characteristic of these disruptions. However, no explanation could be given which would satisfy all of the observations. We study these since they may offer insight into the dynamics of the disruption process. In particular, the association with the localized nature of the recently identified ballooning mode precursor trigger offered a new and unique opportunity to understand disruption dynamics. Also, numerous astrophysical cases of bursts occur, but are more difficult to understand and are not fully and satisfactorily explained. Finally, an ultimate aim would be to control and/or prevent disruptions. One of the only other times that bursts of ECE are observed in TFTR with comparable robustness is during large edge-localized modes ͑ELMs͒ in neutral beam heated H-mode discharges, 1 
II. INSTRUMENTATION
Two grating polychromator instruments, 3 separated 126°t oroidally, measure profiles of second harmonic X-mode ECE along the midplane from the low field side. Frequencies are in the microwave region ͑150-300 GHz͒. Each system has 20 channels, a bandwidth of 250 kHz, and is digitized at up to 500 kHz. Plasmas are optically thick, with an optical depth Ϸ30, so that the intensity of the ͑black body͒ emission is a measure of the electron temperature T e and the MHD, since T e can then be assumed to be constant on flux surfaces. Temperature measurements are local as opposed to line-integrated.
III. SCENARIO OF DISRUPTION FOR HIGH ␤ DISCHARGES
Characterization of bursts is best accomplished with an understanding of, and in the context of, the basic scenario of the high ␤ disruption: 3, 4 First, a two-dimensional equilibrium becomes unstable to low-n modes. Usually, nϭ1 internal kink, with (m,n)ϭ͑1,1͒, etc. The low-n mode produces a localized high pressure gradient on the outer midplane. This steep gradient destabilizes a linearly fast-growing, ideal, high-n ͑nϭ10-15͒ ballooning mode. The ballooning mode is strongly driven in a nonlinear fashion, changing from a multiple-period wave packet to one large prominence ͑Fig. 1, item 2͒. Growth of the ballooning mode leads to destabilization of edge modes and island formation. The modes overlap, causing stochasticity in the outer region, from the ballooning mode outward, which develops to encompass the entire cross section, 5 the onset of a thermal quench. The onset of fast particle ␣ loss ͑Fig. 1, items 3 and 4͒ starts essentially simultaneously with the explosive growth of the ballooning mode ͑Fig. 1, item 2͒, and is very abrupt ͑10 s͒ ͑Fig. 1, item 3͒. While ECE bursts occur during disruptions in deuterium-only discharges as well as deuterium-tritium ͑D-T͒ discharges, we use the signal from the fast ␣ particles as a convenient indicator of particle and energy loss in general. In addition, TFTR has a good system of ␣ detectors, and these fast ␣ particles are probably among the first particles lost. The first burst of ␣ loss ͑Fig. 1, item 4͒ which lasts only on the order of 50 s, can be large, releasing 30% of the total fast ␣ particles lost over the entire disruption event. Within р40 s of the onset of fast particle loss, the inner limiter wall heats to significant levels. Temperatures Ͼ800°C are reached, compared to a few 100°C which is more normal. Wall temperatures are measured by fast, 200 kHz, ir detectors ͑Fig. 1, item 5͒. A significant plasma/wall interaction occurs. Near the end of the 40 s, intense ECE bursts are observed near the radius of the ballooning mode ͑Fig. 1, item 6͒.
IV. CHARACTERIZATION OF BURSTS OF ECE DURING DISRUPTIONS
Key characteristics of ECE bursts follow. They are always observed during thermal quenches of high ␤ disruptions, but not other types of disruptions such as high density or locked mode. They start at the onset of the thermal quench phase and are most intense in the early part of the quench ͑Figs. 1 and 2͒, as is determined by comparing bursts from two toroidal locations. The bursts are high intensity, with radiation temperatures from several times to ten times thermal levels. The duration of the bursting ranges from a few s to the entire duration of the thermal quench ͑100s s͒, and can be composed of a number of spikes of 10-150 s duration. The onset is very fast ͑s͒ and recovery can be just as fast. Sometimes the fast turn-off of bursts is due to cut-off when pe 2 ͑edge͒ exceeds ͓Ϫ ce ͑edge͔͒, also indicating strong plasma/wall interaction and a large increase in the edge density. Toroidally, bursts exhibit strong asymmetries ͑Fig. 2͒. Bursts are found to be localized in the vicinity of the toroidally, poloidally, and radially localized ballooning mode which triggers the disruption ͑Fig. 2͒ thus suggesting that the bursts are closely tied to the ballooning mode evolution and also suggesting that the origin of the bursts is localized. The bursts can remain narrow-band, or quickly can become broad-band, covering a significant fraction of the profile. If there are broad-band bursts, then they either started near the radius of the ballooning mode or are most intense at that radius. The extent of the bursts reflects the extent of the ballooning mode. The bursts of ECE occur after there is plasma/wall interaction.
The localization of the bursts in the vicinity of the ballooning mode explains in part the apparent variability of the bursts identified early in high ␤ research. That is, observation of the burst for a given disruption depends upon whether the ballooning mode was within the field of view of the diagnostic viewing the ECE at the time of disruption. The extent of the ECE bursting is much smaller for minor disruptions compared to major disruptions, in spatial extent, time duration, and intensity. The smaller ECE bursts observed in minor disruptions correlate well with smaller ballooning modes also observed in minor disruptions. In minor disruptions, the smaller extent of the ballooning mode, in space and amplitude, suggests that the reconnection event should be smaller; the fact that the reconnection event is smaller is consistent with the fact that a minor disruption occurs, as opposed to a FIG. 1. Timing of explosive growth of precursor, fast particle ͑␣-particle͒ losses, wall heating, and ECE bursts in a major disruption.
FIG. 2. Comparison of precursor and ECE bursts in a minor disruption.
Large toroidal asymmetries in bursts is correlated with location of localized ballooning mode.
major. Because the ballooning mode is more localized and does not spread as much and as quickly in minor disruptions as opposed to major disruptions, the observed toroidal asymmetries are thus more pronounced.
V. MODIFICATION OF ELECTRON DISTRIBUTION FUNCTION DUE TO RAPID THERMAL QUENCH
Numerous mechanisms for the generation of the bursts were investigated, including relativistically down-shifted emission from energetic electrons in the plasma core, enhanced emission from anisotropic distortions of the electron distribution function due to magnetohydrodynamic MHD displacements from the kink and ballooning mode, 6 enhanced emission from loss cone distributions due to stochastic fields, and skewed ͑versus strictly perpendicular͒ viewing of the emission due to the distortion of the field from ballooning modes. All of these explanations suffered from difficulties agreeing with experimental observations. We present a model which is both qualitatively and quantitatively consistent with the experimental results, and in particular with details of the magnitude, timing, and location of the bursts. The scenario is as follows: We propose that the sudden thermal quench leads to a reduction or flattening of the velocity gradient of the electron distribution function f c in the vicinity of thermal velocities v th . The initial f e , a Maxwellian with temperature T 0 , is modified in an isotropic way, conserving particle density ͑Fig. 3͒ with a flattened distribution in the region of v th . This could occur due to a fast exchange of hot or warm electrons with cold electrons from the plasma edge; this would need to occur over a time period shorter than the relaxation time.
The interpretation of ECE measurements is based on the ''equation of radiative transfer,'' which accounts for both emission and absorption by electrons of different energies occurring at different plasma locations. This equation can be written as We solve this for the three regions in Fig. 3 
where tϵ(1/2)(v/c) 2 . If ‫ץ‬ f e /‫ץ‬v decreases in Region II ͑Fig. 4͒, absorption in that region decreases. These three regions in velocity space, map into three regions in real space. Detected ECE intensity for fixed frequency is the sum of contributions from these regions. We calculate the ratio of the predicted emission relative to initial thermal levels for various initial temperatures T 0 and different modifications to f c . The extent of flattening is denoted by v 2 ͑Fig. 3͒ and modified Region I temperatures T c . The model predicts ͑Fig. 4͒ a maximum versus v 2 , with enhancement factors up to Ϸ7 for T 0 ϭ5 keV and T c ϭ5 eV, comparable to the experiment for both disruptions and ELMs. Modifications of f c in the v the region are most effective in enhancing emission. Other possible mechanisms investigated predicted enhancements of only р10%. Burst do not require the existence of suprathermal electrons, as was previously suggested. 8 Assuming conservation of energy, T relax of a final relaxed Maxwellian electron distribution is calculated and shown in Fig. 4 . For disruptions where large volumes of plasma are modified, T relax /T 0 agrees well with values observed, i.e., 0.2-0.7. 
VI. DISCUSSION
The similarity in spikes for ELMs is probably due to the similar circumstances: ELMs are synchronized with D ␣ spikes, indicating a strong plasma/wall interaction due to the ELM instability. A fast ballooning type instability is thought to be responsible for the ELM events also. The radial location of bursts for ELMs is not very different from that for disruptions, except being slightly further out in radius. In absolute amplitude, bursts for disruptions are larger than those for ELMs.
With this new understanding of the origin of the bursts, they can be used as a new diagnostic to monitor the effects of fast and large plasma/wall interactions which result from the evolution of the magnetic configuration and fast particle and energy transport during high ␤ disruptions and ELMs. There remains the question of whether these bursts would be seen with equal robustness in divertor devices since the plasma/ wall interaction scenario could be quite different.
